The effects of Ca2+ on the activity of isocitrate dehydrogenase (NAD+) in extracts of rat heart mitochondria were explored in the presence of MgC12 by using EGTA buffers. In the absence of ADP, Ca2+ (about 30UM) resulted in a slight increase in apparent Km for threo-D,-isocitrate; in the presence of ADP, Ca2+ (about 25,uM) greatly lowered the apparent Km for threo-D,-isocitrate from 227,pM to 53puM without changing the maximum velocity. At
Pyruvate dehydrogenase phosphate phosphatase extracted from the mitochondria of a number of mammalian tissues, including pig and rat heart, is activated by Ca2+ ions with a Km of about 2,uM (Denton et al., 1972 (Denton et al., , 1975 . Evidence has also been obtained, by using fat-cell mitochondria incubated in the presence of the bivalent-metal-ionophore A23187, that the phosphatase within intact mitochondria is sensitive to changes in the intramitochondrial concentration of Ca2+ . In addition, pyruvate dehydrogenase kinase, at least from pig heart, is partially inhibited by Ca2+ at concentrations above 0.1 jm (Cooper et al., 1974) .
It is thus well established that the proportion of the pyruvate dehydrogenase complex in the active, nonphosphorylated form may be increased in heart and other mammalian tissues on increasing the intramitochondrial Ca2+ concentration (but only if the change occurs below 10pM).
Therefore it seemed paradoxical that NAD-ICDH from rat heart mitochondria should be inhibited by Ca2+ (Vaughan & Newsholme, 1969;  Zammit & Newsholme, 1976) . Other studies (Chen & Plaut, 1963; Goebell & Klingenberg, 1964; Stein et al., 1967; Plaut, 1970; Colman, 1975) have shown that NAD-ICDH from mammalian sources requires Mn2+ or Mg2+, that the activity of the enzyme increases sigmoidally with increasing concentrations of its substrate, threo-D,-isocitrate, and that the apparent Km for threo-D,-isocitrate is greatly diminished in the presence of ADP. Newsholme and his colleagues (Vaughan & Newsholme, 1969; Zammit & News- Abbreviations used: NAD-ICDH, NAD+-linked isocitrate dehydrogenase (EC 1.1.1.41); NADP-ICDH, NADP+-linked isocitrate dehydrogenase (EC 1.1.1.42).
Vol. 176 holme, 1976) concluded from their studies that Ca2+ increased the apparent Km of the rat heart enzyme for threo-D5-isocitrate in both the presence and the absence of ADP. They conducted their studies in the presence of 5 mM-MnCl2 and regulated the free Ca2+
concentration by adding 1 mM-EGTA and calculated amounts of CaCI2. However, the binding of Mn2+
to EGTA seems to have been neglected, although the affinity of EGTA for Mn2+ is greater than that for Ca2+ (Sillen et al., 1971) . It can be calculated that with 1 mM-EGTA and 5 mm-MnCI2 at pH 7.0, over 99 % of EGTA will be as MnEGTA. We suspect that the range of free Ca2+ concentrations studied by Vaughan & Newsholme (1969) and Zammit & Newsholme (1976) was between 1pOuM and 1 mm rather than between 1 nm and 1OpM as the authors assumed. We have re-examined the sensitivity ofNAD-ICDH from the mitochondria of rat heart and other tissues to changes in Ca2+ concentrations, but MnCl2 has been replaced by MgC92, since (Siebert, 1965) . threo-D,-Isocitrate (monopotassium salt) was prepared by the method of Vickery (1963) . After recrystallization from hot water the final product contained over 95% (w/w) monopotassium threo-D,-isocitrate by enzymic assay; contamination by L-malate was checked by enzymic assay (Hohorst, 1965 ) and found to be less than 0.05%.
Preparation ofextracts ofmitochondria
Mitochondria were prepared from the tissues of fed male or female rats (200-300g) by the following methods: heart (Kerbey et al., 1976) , liver (Chappell & Hansford, 1972) and epididymal white adipose tissue (Severson et al., 1976) . Kidney mitochondria were prepared as for heart. Mitochondria from brown adipose tissue were prepared from interscapular tissue of rats cold-adapted for 4 weeks at 5°C by a slight modification of the method for epididymal white adipose tissue. In all cases, samples of the intact mitochondria (2-4mg of protein) were sedimented by centrifugation in an Eppendorf 3200 Minicentrifuge at about 10000g for 1 min and extracted by freezing and thawing three times in 500p1 of extraction buffer (100mM-potassium phosphate, pH 7.2, containing 1 mM-ADP and 5 mM-2-mercaptoethanol). The extract was centrifuged for 5 min at 100OOg in the Eppendorf 3200 instrument and the supernatant used for the study of NAD-ICDH activity. The pellet contained less than 5% of the activity in the supernatant.
Assay ofNAD-ICDH activity Activity was measured by following the change in A340 at 30°C by using a Gilford recording spectrophotometer (model 240). The assay medium was 50mM-Mops (4-morpholinepropanesulphonic acid), pH 7.0, plus 24ug of rotenone/ml containing additions of MgCl2, MnC12, SrCl2, CaC12, EGTA, isocitrate, NAD+ and ADP as indicated. Assays were conducted in a total volume of 1.5 ml and were initiated by addition of mitochondrial extract (5-20pl (Portzehl et al., 1964) . Stock solutions were prepared of 150mM-EGTA and of 150mM-EGTA containing 150mM-CaCl2 or 150mM-SrCl2 or 150mM-MnCl2, all adjusted to pH 7.0 with KOH. Calculated proportions were then added to give 5 mM-EGTA and the desired free concentration of the appropriate metal ion. This procedure was adopted rather than one using separate stock solutions of EGTA and the metal chloride, since the release of protons that accompanies the binding of bivalent metal ions to EGTA is minimized. Particular care was taken that the stock solutions of EGTA containing CaCl2 were equimolar in total calcium and EGTA. Three methods were used and found to give essentially similar results. The methods were: (a) to follow the release of protons on adding CaCI2 to EGTA at pH 7.0 by using a pH-meter; (b) to measure free Ca2+ by using Arsenazo III [2-(o-arsonophenylazo)-1,8-dihydroxynaphthalene-3,6-disulphonic acid]; and (c) to measure free Ca2+ by using a Ca2+-selective poly(vinyl chloride) electrode (Ammann et al., 1975) , kindly made available by Professor J. B. Chappell of this Department. Method (a) was also used to check that the stock solutions of EGTA containing MnCl2 were equimolar.
Concentrations of free bivalent-metal ions in the presence of EGTA, ADP and isocitrate were computed by the program of Feldman et al. (1972) adapted for use with a Hewlett-Packard 9821 computer by Dr. Paul England of this Department. Apparent dissociation constants at pH7.0 used in these calculations are given in Table 1 . The weak binding of the bivalent metal ions to NAD+ was neglected (Colman, 1972) .
1978 Table 1 . Apparent dissociation constants at pH 7.0 The constants (M) were calculated from stability constants and pK values measured at 25 or 30°C (Martell & Sill6n, 1964; Sill6n et al., 1971; Grzybowski et al., 1970) as described by Portzehl et al. (1964 In the presence of 0.1 mM-threo-D,-isocitrate, 1 mM-MgCl2, 1 mm-ADP and 2 mM-NAD+, addition of EGTA diminished the activity of NAD-ICDH by more than 80%/. However, the maximum diminution in activity with EGTA at 1 mM-threo-D%-isocitrate was less than 10% (Fig. 2) . The sensitivity to EGTA at 0.1 mm-threo-D,-isocitrate (i.e. half-maximum inhibition at about 50,uM-EGTA) was very similar to that observed previously with pyruvate dehydrogenase phosphate phosphatase , and is thus compatible with the removal of endogenous Ca2+, which is probably present at a concentration of the order of 10pM.
The inhibition by 5 mM-EGTA was apparent at all concentrations of Mg2+, but was not evident if the 5 mM-EGTA was replaced by 5 mM-EGTA plus 5mM-CaC12 (Fig. 1) . Under these latter conditions decrease in the value of the Km for threo-D8-isocitrate in the presence of both ADP and 5 mM-EGTA plus 5 mM-CaCl2. Under these conditions, the Ca2+ concentration varied from 28 to 25pM depending on the isocitrate concentration. There was a small but consistent increase in Km in the presence of EGTA plus CaC12 but no added ADP. The effects of free Ca2+ concentrations of 1 mm were also studied. In the presence of ADP, the effect was very similar to that observed with Ca2+ concentrations of about 25pM; in the absence of ADP, the increase in Km for threo-D,-isocitrate was marginally greater at 1 mm than at 25puM-Ca2 . It should be noted that the values of Km given in Table 2 unlikely that all these forms will be substrates for the enzyme. At concentrations of ADP of 2mm and above there was inhibition of enzyme activity, but no loss of the activation by Ca2+ (Fig. 3) . The inhibition at high concentrations of ADP is probably the result of the binding of Mg2+ to ADP. Under the conditions used in Fig. 3 , the addition of 2mM-and 5mm-ADP lowers Mg2+ concentration to about 400 and 200M respectively in the presence of both 5mM-EGTA and 5mM-EGTA plus 5mM-CaCl2.
The inhibitory effects of 5 mm-EGTA in the presence of ADP and 0.1 mm-threo-D,-isocitrate could be completely reversed by the subsequent addition of either further threo-D,-isocitrate (to give 1978 Ca2+ concentration about 27.5.uM).
Although there were marked differences in the maximum activity of NAD-ICDH observed when expressed in terms of mitochondrial protein, the pattern of changes in activities was very similar. Alterations in Ca2+ concentration had little effect on activity in the presence of 1 mM-threo-D,-isocitrate, but at 0.1 mM-threo-D,-isocitrate there was a 4-12-fold difference in activity between high and low Ca2+ concentrations. The sensitivity to Ca2+ was determined as described in Fig. 5 by using extracts of mitochondria from kidney and epididymal white adipose tissue. The Km values for Ca2+ were 1.67 ± 0.32 and 1.02±0.13flM respectively. These values are very close to that for the heart enzyme (Fig. 5) . It would appear that activation by Ca2+ in the presence of ADP may be a common feature of NAD-ICDH from mammalian sources. Zammit & Newsholme (1976) had concluded from their studies that only NAD-ICDH from contractile tissues was sensitive to Ca2+. Ca2+ concentration and the regulation of NADP-ICDH activity in extracts ofrat heart mitochondria As found by others (see Colman, 1975) , the maximum activity of NADP-ICDH in extracts of rat heart mitochondria was some 10-fold greater than that of NAD-ICDH. No (Plaut et al., 1974; Cohen & Colman, 1974; Siliski & Colman, 1974 The heart enzyme appears to have an enzymically active protomer of mol.wt. 330000 that associates in the presence of ADP to dimeric and tetrameric forms (Giorgio et al., 1970; Shen et al., 1974) . The dependency of this association on the concentration of Ca2+ remains to be explored.
It is always risky to ascribe regulatory significance to enzyme properties when the evidence is restricted to findings with the separated enzyme, as in this present study. This is certainly so with NAD-ICDH, since it has not been demonstrated that the step catalysed by the enzyme is out of equilibrium in wholecell or mitochondria preparations from mammalian tissues. Moreover, the maximum activity of NADP-ICDH is an order of magnitude greater than that of NAD-ICDH. However, there is evidence to suggest that the transfer of reducing power from NADPH to the respiratory chain is slow compared with that from NADH in mitochondria from mammalian sources (Nicholls & Garland, 1969; Plaut & Smith, 1977) . The high activity of NADP-ICDH in the rat heart may explain the substantial rates of isotopic exchange that were observed between [citrate+ isocitrate] and both HC03-and 2-oxoglutarate in a previous study using the perfused rat heart (Randle et al., 1970 ).
An interesting inference that can be drawn from the sensitivity of NAD-ICDH to Ca2+ is that the intramitochondrial Ca2+ concentrations may be of the order of 1 ,M, that is, no more than 10-100 times the concentration in the cytoplasm. The Crompton et al., 1976 Crompton et al., , 1977 Crompton et al., , 1978 Denton, 1977; Pozzan et al., 1977) .
It is an intriguing possibility that an increase in the intramitochondrial concentration of Ca2+ may be a common mechanism for enhancing the rates of utilization of a number of respiratory fuels. In addition to the direct effects that have been demonstrated on the interconverting enzymes of the pyruvate dehydrogenase system (Denton et al., 1972; Cooper et al., 1974) and NAD-isocitrate dehydrogenase (the present paper), evidence has been presented that increases in intramitochondrial Ca2+ concentration may enhance the rate of oxidation of fl-hydroxybutyrate (Malmstrom & Carafoli, 1976) , succinate (Ezawa & Ogata, 1977) and fatty acids (Otto & Ontko, 1978) .
